The von Hippel-Lindau tumor suppressor protein (pVHL) binds to elongins B and C and posttranscriptionally regulates the accumulation of hypoxia-inducible mRNAs under normoxic (21% O 2 ) conditions. Here we report that pVHL binds, via elongin C, to the human homolog of the Caenorhabditis elegans Cul2 protein.
von Hippel-Lindau (VHL) disease, a hereditary cancer syndrome characterized by the development of renal carcinomas, pheochromocytomas, and vascular tumors of the central nervous system and retina, is caused by germ line mutations in the VHL tumor suppressor gene (9, 17, 27, 35) . Tumor development in this setting is due to somatic loss or mutation of the remaining wild-type VHL allele (9, 17) .
Functional inactivation of both VHL alleles has also occurred in the majority of sporadic renal cell carcinomas and cerebellar hemangioblastomas examined to date (7, 10, 14, 21, 40, 45) . Loss of heterozygosity at the VHL gene locus has been described for premalignant lesions of the kidney, such as atypical cysts (32, 49) , suggesting that inactivation of the VHL gene is an early event in renal carcinogenesis. Furthermore, reintroduction of a wild-type but not mutant VHL cDNA into VHL (Ϫ/Ϫ) renal carcinoma cells suppresses their ability to form tumors in nude mouse xenograft assays (11, 18) .
The VHL gene product, pVHL, binds to elongins B and C (6, 22, 24, 44) . These two proteins, when bound to elongin A, generate a transcriptional elongation complex called elongin or SIII (1) . pVHL competes with elongin A, at least in vitro, for binding to elongins B and C and thereby inhibits elongin activity (6) . The majority of inherited pVHL mutants are known (or can be predicted) to be defective for binding to elongins B and C (22, 24, 48) . Thus, inhibition of elongin (SIII) activity may contribute to tumor suppression by pVHL.
VHL-associated neoplasms are typically hypervascular and overproduce angiogenic peptides, such as vascular endothelial growth factor (VEGF) (3, 39, 43, 47) . Several groups have shown that pVHL is a negative regulator of hypoxia-inducible mRNAs, such as the VEGF and Glut1 glucose transporter mRNAs, under normoxic conditions (11, 16, 37, 41) . Surprisingly, this effect of pVHL appears to be largely at the level of mRNA stability rather than at the level of transcript elongation (11, 16) . Thus, there is currently no direct evidence that pVHL regulates transcriptional elongation in vivo. Furthermore, pVHL appears to reside primarily but not exclusively in the cytoplasm, again raising the possibility that pVHL performs a function(s) unrelated to transcriptional elongation (5, 18, 28, 31) .
Cullins are a recently identified family of proteins that exhibit significant sequence similarity to the yeast Cdc53 protein and hence are suspected of functioning to target certain proteins for ubiquitin-dependent proteolysis (15, 19, 23) . Here we show that a cullin, Cul2 (23) , binds specifically to pVHL-elongin complexes and that the formation of these complexes is linked to the regulation of hypoxia-inducible mRNAs by pVHL. A model for the regulation of hypoxia-inducible mRNAs by pVHL is proposed based on the apparent similarity of elongins C, B, and A to Skp1, ubiquitin, and F-box proteins, respectively (2, 8) .
5Ј-AGGTGGATCCTGGCTCTTCAGAGATGCCA-3Ј and 5Ј-CTGTCTAGA ATTCACCGGACAACCTGGAGGCATCG-3Ј; E, 5Ј-GCGCGGATCCGCCA CCATGTCCCAGGTCATCTTCTGC-3Ј and 5Ј-CTGTGAATTCAAGGCTTG ACTAGGCTCCG-3Ј; F, 5Ј-GCGCGGATCCGCCACCATGGAGCCGCAGC CCTACCCA-3Ј and 5Ј-CTGTGAATTCAAGGCTTGACTAGGCTCCG-3Ј; G, 5Ј-GCGCGGATCCAACAATTTTATCAAAAACCAAGAC-3Ј and 5Ј-CTACT TATGTCGATGCAGCGCACTTAAGCGCG-3Ј; H, 5Ј-GCGCAAGCTTGCC ACCATGGCTAGCATGACTGGTGGACAGCAAATGGGATCCATGGAT GGAGAGGAGAAAACC-3Ј and 5Ј-GCGCAATTGGAGACCTTAACAATC TAAGAAGTTCGC-3Ј; and I, 5Ј-GCGCAAGCTTGGATCCGCCACCATGG ACGTGTTTCTCATG-3Ј and 5Ј-GCGCGAATTCACTGCACAGCTTGTTC-3Ј.
Plasmids. pRc/CMV was obtained from Invitrogen. pcDNAI-HA-VHL, pRc/ CMV-VHL(wt), and pRc/CMV-VHL(1-115), each of which introduces an Nterminal hemagglutinin (HA) epitope tag, were described previously (18) . To make pRc/CMV-VHL and pRc/CMV-VHL(1-206), a human VHL cDNA was PCR amplified with primer sets A and B, respectively. The PCR products were restricted with Bst1107 and EcoRI and used to replace the corresponding cDNA fragment in pcDNAI-HA-VHL. The resulting HA-VHL cDNAs were then excised as HindIII-XbaI fragments and cloned into pRc/CMV that had been linearized with these two enzymes.
To make pRc/CMV-VHL(1-187) and pRc/CMV-VHL(1-167), a human VHL cDNA was PCR amplified with primer sets C and D, respectively. The PCR products were restricted with HpaI and XbaI and used to replace the corresponding cDNA fragments in pRc/CMV-VHL.
To make pRc/CMV-VHL(1-155), pcDNAI-HA-VHL was digested with Bst1107 and EcoRI. The backbone plasmid was electrophoretically separated from the corresponding VHL cDNA fragment, blunt ended with Klenow DNA polymerase, and recircularized. The resulting HA-VHL cDNA was then excised as a HindIII-XbaI fragment and cloned into pRc/CMV that had been linearized with these two enzymes.
To make pRc/CMV-VHL(72-213) and PRc/CMV-VHL(94-213), a human VHL cDNA was PCR amplified with primer sets E and F, respectively. The PCR products were restricted with BamHI and BspEI and used to replace the corresponding cDNA fragments in pcDNAI-HA-VHL. The resulting HA-VHL cDNAs were then excised as HindIII-XbaI fragments and cloned into pRc/CMVI that had been linearized with these two enzymes.
To make pRc/CMV-VHL(126-206), the BamHI-EcoRI VHL cDNA insert from pGEX2TK-VHL(126-206) (22) was cloned into the pcDNAI-HA backbone that had been linearized with these two enzymes. The resulting HA-VHL cDNA was then excised as a HindIII-XbaI fragment and cloned into pRc/CMV that had been linearized with these two enzymes.
pRc/CMV-VHL(L158S), pRc/CMV-VHL(C162F), and pRc/CMV-VHL (157NAAIRS) were generated by site-directed mutagenesis with mutator oligonucleotides A (5Ј-CCAGTGTATACTTCGAAAGAGCGATGCCTC-3Ј), B (5Ј-GAAAGAGCGATTCCTCCAGGTTGTCCG-3Ј), and C (5Ј-ACACTGCCAG TGTATAATGCGGCAATACGATCGCTCCAGGTTGTCCGG-3Ј), respectively, by using a Transformer Site-Directed Mutagenesis kit (Version 2; Clontech) according to the manufacturer's instructions and a selection primer designed to eliminate the XbaI site in the pRc/CMV polylinker (5Ј-TCGAGCATGCAGCT TAGCGGGCCCTATTCTATA-3Ј).
A partial human Cul2 cDNA cloned into pBSK (Stratagene) was kindly provided by Edward Kipreos. A BamHI-NcoI Cul2 cDNA fragment was used to screen a human embryonic kidney (293 cells) ZAP library (18) . Positive clones were isolated, and plasmids were rescued by in vivo excision according to the manufacturer's instructions. Multiple independent, overlapping cDNA clones were sequenced along both DNA strands and used to assemble a consensus Cul2 cDNA sequence. Clone 16-1 contained the entire open reading frame for human Cul2.
To make pGEX2TK-Cul2(491-745), a human Cul2 cDNA was PCR amplified with primer set G. The PCR product was restricted with BamHI and EcoRI and subcloned into pGEX2TK (Pharmacia PL) that had been linearized with these two enzymes.
To make pcDNAIII-T7-elongin C, a human elongin C cDNA was PCR amplified with primer set H. The PCR product, encoding a T7 epitope tag fused to the N terminus of elongin C, was restricted with HindIII and BsaI and subcloned into pcDNAIII (Invitrogen) that had been linearized with HindIII and EcoRI.
To make the pGEX2TK-elongin C plasmids, a human elongin C cDNA was PCR amplified with sense primers containing BamHI sites and antisense primers containing either EcoRI sites or, for fragments containing internal EcoRI sites, BsaAI sites that had been designed to generate overhangs that were compatible with EcoRI cohesive ends. The products were digested and ligated into pGEX2TK that had been linearized with BamHI and EcoRI.
To make pSP72-elongin B, a human elongin B cDNA was PCR amplified with primer set I. The product was digested with BamHI and EcoRI and ligated into pSP72 (Promega) that had been cut with these two enzymes.
All PCRs were performed with Pfu DNA polymerase (Stratagene), and the regions of the final cDNAs generated by PCR were confirmed by DNA sequence analysis. Site-directed VHL gene mutations were confirmed by DNA sequence analysis.
Immunoprecipitation and immunoblotting. Immunoprecipitation and immunoblotting were performed as described previously (22) . Immunoprecipitation was performed with approximately 1 g of monoclonal antibody, and immunoprecipitates were washed five times with 20 mM Tris (pH 8.0)-900 mM NaCl-1 mM EDTA-0.5% NP-40 unless otherwise indicated prior to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Anti-Cul2 immunoblotting was performed with crude anti-Cul2 rabbit sera at a 1:100 dilution. Protein concentrations of whole-cell extracts were determined by the Bradford method and were used to normalize protein loading in whole-cell immunoblot assays.
Antibodies. Monoclonal anti-HA and anti-T7 antibodies were obtained from Boehringer Mannheim and Novagen, respectively. The polyclonal anti-Glut1 antibody GT-11A was obtained from Alpha Diagnostic. The monoclonal anti-VHL antibody IG32 and polyclonal anti-elongin B sera were described previously (8, 22) . The anti-T-antigen monoclonal antibody pAB419 was used as a control (12) . To generate polyclonal anti-Cul2 sera, GST-Cul2(491-745) was expressed in Escherichia coli, purified by preparative SDS-polyacrylamide gel electrophoresis, and injected into New Zealand White rabbits as previously described (18) .
Peptide microsequence analysis. Isolation of p70 by preparative SDS-polyacrylamide gel electrophoresis, digestion with trypsin, and sequencing of tryptic peptides were performed as described previously (22) .
In vitro translation. Coupled in vitro transcription and translation were performed with TNT reticulocyte lysate (Promega) according to the manufacturer's instructions. Partial proteolytic peptide mapping. Partial proteolytic peptide mapping of radiolabelled Cul2 was performed precisely as described elsewhere (13) .
Purification of pVHL complexes from rat liver. A postlysosomal supernatant was prepared from the livers of 360 male Sprague-Dawley rats and fractionated by (NH 4 ) 2 SO 4 precipitation as described previously (4) . The 0 to 38% (NH 4 ) 2 SO 4 fraction was resuspended in buffer A (20 mM HEPES-NaOH [pH 7.9], 0.5 mM EDTA, 1 mM dithiothreitol [DTT], 10% [vol/vol] glycerol) containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg of antipain per ml, and 10 mg of leupeptin per ml and was brought to a conductivity equivalent to that of buffer A containing 100 mM KCl by a combination of 3 h of dialysis against buffer A containing 0.5 mM PMSF and of dilution with the same buffer. Following centrifugation for 30 min at 28,000 ϫ g, the resulting supernatant was mixed with 800 ml of phosphocellulose (P11; Whatman) preequilibrated in buffer A containing 100 mM KCl and 0.5 mM PMSF. After 45 min, the slurry was filtered at 500 ml/h in a 10.5-cm-diameter column. The phosphocellulose flowthrough fraction was mixed with 250 ml of Toyopearl DEAE-650M (TosoHaas) preequilibrated in buffer C (40 mM Tris-HCl [pH 7.9], 0.5 mM EDTA, 1 mM DTT, 10% [vol/vol] glycerol) containing 80 mM KCl. After 45 min, the slurry was filtered at 150 ml/h in a 5.0-cm-diameter column and then was washed at the same flow rate with buffer C containing 80 mM KCl. The column contents were eluted stepwise at 250 ml/h with buffer A containing 220 mM KCl, and 50-ml fractions were collected. Fractions containing pVHL were concentrated by 0.3 mg/ml (NH 4 ) 2 SO 4 precipitation, resuspended in 10 ml of buffer A containing 10 mg of antipain per ml and 10 mg of leupeptin per ml, and dialyzed against buffer A containing 300 mM KCl to a conductivity equivalent to that of buffer A containing 500 mM (NH 4 ) 2 SO 4 . Following centrifugation for 15 min at 12,000 ϫ g, the resulting supernatant was applied at 20 ml/h to a 500-ml, 2.6-cm-diameter Ultrogel AcA34 gel filtration column (IBF Biotechnics) preequilibrated with buffer A containing 400 mM KCl. The column contents were eluted at 20 ml/h, and 10-ml fractions were collected. Fractions containing pVHL, which eluted with an apparent native molecular mass of between 330 and 200 kDa, were diluted with an equal volume of buffer E (40 mM HEPES-NaOH [pH 7.9], 0.1 mM EDTA, 1 mM DTT, 10% [vol/vol] glycerol) containing 2.0 M (NH 4 ) 2 SO 4 . Following centrifugation for 20 min at 60,000 ϫ g, the resulting supernatant was applied to a Spherogel TSK The column contents were eluted at 5 ml/min with a linear gradient of 250 ml of 1.0 M (NH 4 ) 2 SO 4 in buffer E to no (NH 4 ) 2 SO 4 in buffer E, and 5-ml fractions were collected. Fractions containing pVHL, which eluted at between 170 and 80 mM (NH 4 ) 2 SO 4 , were pooled and dialyzed against buffer C to a conductivity equivalent to that of buffer C containing 60 mM KCl. Following centrifugation for 20 min at 60,000 ϫ g, the resulting supernatant was applied to a Bio-Gel SEC DEAE 5-PW column (7.5 by 75 mm; Bio-Rad) preequilibrated with buffer C containing 60 mM KCl. The column contents were eluted at 0.8 ml/min with a 40-ml linear gradient of 60 to 250 mM KCl in buffer C, and 0.7-ml fractions were collected. Fractions containing pVHL, which eluted at between 120 and 140 mM KCl, were pooled and brought to 5 mM potassium phosphate. Following centrifugation for 20 min at 60,000 ϫ g, the resulting supernatant was applied to a crystalline hydroxylapatite Bio-Scale CHT-I column (7 by 52 mm; Bio-Rad) preequilibrated with buffer P (5 mM potassium phosphate [pH 7.6], 0.1 mM EDTA, 1 mM DTT, 10% [vol/vol] glycerol). The column contents were eluted at 0.6 ml/min with a 24-ml linear gradient of 50 to 400 mM potassium phosphate (pH 7.6) in buffer P, and 0.3-ml fractions were collected. Fractions containing pVHL, which eluted at between 50 and 80 mM potassium phosphate, were pooled and diluted with buffer C containing 50 mM KCl to a conductivity equivalent to that of buffer C containing 80 mM KCl. Following centrifugation for 20 min at 60,000 ϫ g, the resulting supernatant was applied to a Mono Q column (5 by 50 mm; Pharmacia) preequilibrated with buffer C containing 80 mM KCl. The column contents were eluted at 0.4 ml/min with a 12-ml linear gradient of 80 to 300 mM KCl in buffer C, and 0.2-ml fractions were collected. Fractions containing pVHL eluted at between 180 and 200 mM KCl.
GST pull-down assay. Approximately 1 g of glutathione S-transferase (GST)-elongin C fusion protein, as determined by Coomassie blue staining, and 5 l of elongin B in vitro translate were incubated in 500 l of NETN (20 mM Tris-HCl [pH 8.0], 120 mM NaCl, 1 mM EDTA, 0.5% NP-40) for 1 h at 4°C with rocking. Twenty-five microliters of glutathione-Sepharose (1:1 in NETN supplemented with 0.5% milk) was then added. After 30 min of incubation, the glutathione-Sepharose was washed five times with NETN. Bound proteins were eluted by boiling in SDS-containing sample buffer, resolved by electrophoresis in SDS-15% polyacrylamide gels, and detected by fluorography.
Northern blot analysis. RNA was extracted from nearly confluent monolayer cultures in RNAzol B (Tel-Test, Inc.) according to the manufacturer's protocol.
Ten micrograms of total RNA was denatured in a solution containing 20 mM MOPS [3-(N-morpholino)propanesulfonic acid], 6.3% formaldehyde, and 48% formamide, resolved in a 1% agarose-2.2 mM formaldehyde gel in 20 mM MOPS-5 mM sodium acetate-1 mM EDTA (pH 8) (in the presence of ethidium bromide), and transferred to a Zeta-Probe GT nylon membrane (Bio-Rad) in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). To detect the Glut1 mRNA, the membrane was hybridized with a radiolabelled oligonucleotide complementary to a region encoding the intracellular C-terminal domain of the Glut1 protein (5Ј-GCTCCTCGGGTGTCTTATCACTTTG-3Ј) in a solution containing 0.655 M NaCl, 50 mM Na 2 HPO 4 (pH 7.2), 7% SDS, 10 mg of bovine serum albumin per ml, and 25 mg of polyadenylic acid per ml. The membrane was washed in 2ϫ SSC-1% SDS at 50°C twice for 30 min each time, followed by a wash with 0.5ϫ SSC-0.1% SDS at 50°C for 2 min. To detect the VEGF mRNAs, the membrane was hybridized with a radiolabelled VEGF121 cDNA (a gift from Mark Goldberg) in a solution containing 50 mM Tris (pH 7.5), 1 M NaCl, 1% SDS, 10% dextran sulfate, 50% formamide, and 100 mg of herring sperm DNA per ml. The membrane was washed twice in 2ϫ SSC-0.2% SDS at 25°C for 30 min each time, twice in 1ϫ SSC-0.2% SDS at 25°C for 15 min each time, and finally in 0.5ϫ SSC-0.2% SDS at 65°C for 15 min.
RESULTS

To look for pVHL-binding proteins, 786-O [VHL (Ϫ/Ϫ)]
, renal carcinoma cells that were stably transfected with a plasmid encoding HA-tagged pVHL (Fig. 1A, lanes 3 and 4) or the backbone expression plasmid (Fig. 1A, lanes 1 and 2) were metabolically labelled with [ 35 S]methionine, lysed, and immunoprecipitated with an anti-HA antibody (Fig. 1A, lanes 2 and  4) or a control antibody (Fig. 1A, lanes 1 and 3) under stringent conditions. Bound proteins were detected by autoradiography ( Fig. 1A) or immunoblot analysis (Fig. 1C) . pVHL coimmunoprecipitated with cellular proteins with molecular masses of ϳ200, 70, 18, and 15 kDa (compare Fig. 1A, lane 4, to lanes  2 and 3) . These proteins were also detected in monoclonal and on January 16, 2020 by guest http://mcb.asm.org/ Downloaded from polyclonal anti-VHL immunoprecipitates but not in isotypematched control immunoprecipitates (data not shown). The 18-and 15-kDa proteins were shown previously to be elongins B and C, respectively (6, 22, 24) . The characterization of p200 will be described elsewhere. p70 was purified by preparative anti-HA immunoelectrophoresis and subjected to microsequence analysis following tryptic digestion. Three peptide sequences that were present in the conceptual open reading frame of the human Cul2 gene were obtained (23) . A full-length human Cul2 cDNA clone was isolated by screening a cDNA library with the available partial human Cul2 cDNA clone and was translated in vitro. The major Cul2 in vitro translation product comigrated with p70 (Fig. 1A, compare lanes 4 and 5) , and the partial proteolytic peptide maps of these two proteins generated with ␣-chymotrypsin ( Fig. 1B) and Staphylococcus aureus V8 protease (data not shown) were identical. In some experiments, translation of Cul2, whether in vitro or in vivo, also gave rise to a second band that migrated more slowly in SDS-polyacrylamide gels (see, for example, Fig. 1C and 4) . The nature of this second band is currently under investigation. Finally, both p70 and the Cul2 in vitro translation product were specifically recognized by a polyclonal anti-Cul2 antibody in Western blot assays (Fig.  1C) . Thus, pVHL, at least when overproduced, can bind to human Cul2. While these experiments were in progress, the same conclusion was reported by Pause and coworkers (38) .
To ask whether pVHL and Cul2 might associate under physiological conditions, 293 human embryonic kidney cells containing endogenous, wild-type pVHL (18, 22) were immunoprecipitated with anti-VHL antibody or a control antibody ( Fig. 2A ). The stable transfectants described above were analyzed in parallel. As expected, anti-VHL but not control 293 cell immunoprecipitates contained wild-type pVHL, as determined by anti-VHL immunoblot analysis ( Fig. 2A, compare  lanes 5 and 6) . Two species of pVHL (pVHL 30 and pVHL 19 ) were detected in these and other cells (data not shown). pVHL 19 results from translation initiation at an internal me-thionine codon (17a). In addition, anti-Cul2 immunoblot analysis confirmed the presence of Cul2 specifically in the anti-VHL immunoprecipitate (compare Fig. 2A, lane 5, to lanes 4  and 6) . The available anti-Cul2 sera do not immunoprecipitate Cul2 efficiently from mammalian cell extracts (data not shown). Thus, the reciprocal experiment, in which an anti-Cul2 immunoprecipitate would be analyzed for the presence of pVHL, cannot yet be performed.
In addition, a stable multiprotein complex containing endogenous pVHL, Cul2, and elongins B and C could be extensively purified from rat liver cytosolic extracts according to the procedure outlined in Fig. 2B . Analysis of column fractions from the final two steps in the purification of this complex revealed close cochromatographic elution of pVHL with Cul2 and elongin B (Fig. 2C and D) as well as elongin C (data not shown). The coimmunoprecipitation and chromatographic data, taken together, suggest that pVHL-Cul2 complexes exist naturally in cells.
The minimal region of pVHL capable of binding to elongins B and C, at least in vitro, corresponds to residues 157 to 172 (22, 24) . To map the region of pVHL required for binding to Cul2, 786-O subclones that stably produced N-terminal HA epitope-tagged pVHL mutants were metabolically labelled with [ 35 S]methionine, lysed, and immunoprecipitated with an anti-HA antibody under stringent conditions (Fig. 3A) . Comparable recovery of each of the pVHL mutants was confirmed by anti-HA immunoblot analysis (Fig. 3A, middle panel) . Elongins B and C were detected by autoradiography (lower panel), and Cul2 was detected by anti-Cul2 immunoblot analysis (upper panel). In keeping with the earlier in vitro mapping studies, pVHL and pVHL(94-213) retained the ability to bind to elongins B and C, whereas pVHL(1-167) did not. pVHL , surprisingly, did not stably associate with elongins B and C, suggesting that residues C terminal to pVHL residue 172 contribute to elongin B and C binding in vivo. The ability of pVHL to bind to Cul2 mirrored its ability to bind to elongins B and C in these assays (compare upper and lower panels in Fig. 3A) .
pVHL(157-172), a synthetic peptide, blocks the binding of pVHL to elongins B and C in vitro (22) . Scanning mutagenesis of this peptide, in which single amino acid residues were converted to either alanine or a residue corresponding to a tumorderived mutation, suggested that T157, L158, and C162 were VOL. 18, 1998 REGULATION OF HYPOXIA-INDUCIBLE mRNAs BY pVHL 737 on January 16, 2020 by guest http://mcb.asm.org/ likely to form critical contacts between pVHL and the elongins (4a). We therefore generated stable 786-O renal carcinoma subclones that ectopically produced HA-tagged versions of pVHL(L158S), pVHL(C162F), or pVHL(157-162NAAIRS). The former two correspond to naturally occuring VHL gene mutations (48) . The latter replaces pVHL residues 157 to 162 with the sequence NAAIRS, which is believed to be highly flexible based on its appearance in both alpha-helical and betasheet structures (34, 46) . These three mutants were, as expected, unable to bind to elongins B and C ( Fig. 3B and data not shown). In addition, none of these mutants bound to Cul2. pVHL binding to elongins B and C appeared, based on these studies, to be necessary and sufficient for binding to Cul2, raising the possibility that Cul2 can bind to elongins B and C in the absence of pVHL. To test this hypothesis, 786-O cells that stably produced a T7 epitope-tagged version of elongin C were immunoprecipitated with an anti-T7 antibody or a control antibody ( Fig. 4) . In parallel, 786-O cells that stably produced HA-pVHL were immunoprecipitated with an anti-HA antibody or a control antibody. Bound proteins were detected by anti-Cul2 (Fig. 4, upper panel) , anti-HA (middle panel), or anti-T7 (lower panel) immunoblot analysis. Cul2 coimmunoprecipitated with elongin C (compare Fig. 4, lane 5, to lanes 4  and 6) . As 786-O cells lack endogenous, wild-type pVHL, this result suggests that elongin C can, at least indirectly, bind to Cul2 in the absence of pVHL.
Cul2 and elongin C share significant sequence similarity with Saccharomyces cerevisiae proteins Cdc53 and Skp1, respectively ( Fig. 5 and 6 ) (see Discussion) (2, 38) . The potential significance of the elongin C similarity to Skp1 is underscored by the following observation. A peptide containing elongin C residues 18 to 50, produced as either a GST fusion protein (Fig. 6 ) or a synthetic peptide (data not shown), was sufficient to bind to elongin B. An earlier study had shown that elongin C residues 21 to 30 were necessary for binding to elongin B (42) . Thus, the region of highest similarity between elongin C and Skp1, corresponding to elongin C residues 18 to 50, is a functional domain.
pVHL plays a critical role in the degradation of hypoxia-inducible mRNAs (11, 16) . Consequently, cells lacking pVHL overproduce proteins such as VEGF and the Glut1 glucose transporter, which are both encoded by hypoxia-inducible mRNAs (11, 16, 37, 41) . To determine whether this activity might be linked to the ability of pVHL to bind to elongins and Cul2, 786-O subclones producing the various pVHL mutants described above were tested for Glut1 protein production by steadystate anti-Glut1 immunoblot analysis (Fig. 7) . Three or more independent clones were tested for each pVHL mutant. In parallel, total RNA was harvested from representative clones and analyzed for Glut1 and VEGF mRNA abundance by Northern blot analysis (Fig. 8) . It was shown previously that the inhibition of VEGF mRNA accumulation by pVHL leads to a commensurate decrease in VEGF protein production (11, 16, 41) .
Wild-type pVHL, as expected, inhibited Glut1 and VEGF expression, whereas pVHL(1-167) did not ( Fig. 7 and 8 ). Sim- FIG. 8. Inhibition of hypoxia-inducible mRNA accumulation by pVHL mutants. Total RNA was isolated from VHL (Ϫ/Ϫ) renal carcinoma cells ectopically producing the indicated HA-tagged pVHL species and analyzed by Northern hybridization with radiolabelled probes specific for either the Glut1 mRNA (A) or the VEGF mRNA (B). Clone identifiers are indicated in parentheses. Comparable loading of RNA was confirmed by ethidium bromide staining of the rRNAs as well as by rehybridization of the filters to a radiolabelled actin probe. The presence of multiple VEGF mRNA isoforms was noted previously by others (26, 36, 43) . ilar results were obtained following the reintroduction of wildtype pVHL and pVHL(1-167) into A498 VHL (Ϫ/Ϫ) renal carcinoma cells (data not shown). pVHL , which did not bind to p200 (data not shown) but which retained the ability to bind to elongins B and C and Cul2 (Fig. 3A) , also inhibited Glut1 and VEGF expression ( Fig. 7 and 8) . These results suggested that the binding of pVHL to elongins and Cul2 might be linked to its ability to regulate Glut1 and VEGF. In keeping with this view, all of the missense mutants that were unable to bind to elongins and Cul2 were likewise unable to inhibit Glut1 and VEGF mRNA accumulation. Some, but not all, clones producing pVHL(72-213) produced levels of Glut1 comparable to those produced by cells producing wild-type pVHL. The reason for this clonal variation is unclear (shown in Fig. 7 and 8 are data for clones in which Glut1 production was inhibited). Finally, pVHL(94-213), although able to bind to elongins and Cul2, was unable to inhibit Glut1 and VEGF expression ( Fig. 7 and 8) . The simplest interpretation of these data, summarized in Fig. 9 , is that binding to elongins and Cul2 is necessary but not sufficient for pVHL to regulate hypoxiainducible genes.
DISCUSSION
We found that pVHL, when overproduced in cells, forms complexes that contain elongin B, elongin C, and Cul2. While the manuscript was in preparation, similar conclusions were reached by Pause and coworkers (38) . Our work confirms and extends these observations by providing evidence that these complexes form under native conditions and, more importantly, by linking the formation of these complexes to a biological activity, namely, the previously described ability of pVHL to regulate hypoxia-inducible mRNAs.
Furthermore, we provide evidence that Cul2 can bind, at least indirectly, to elongin C in the absence of pVHL. This observation can account for the earlier observation that Cul2 does not bind to pVHL in the absence of elongin C in vitro (38) . Specifically, in the simplest model, Cul2 binds to elongin C which, in turn, binds directly to pVHL (6) . Importantly, the pVHL elongin-binding domain is a hot spot for naturally occurring mutations in VHL kindreds, and ϳ70% of the VHLassociated mutations characterized to date would be predicted to abrogate elongin binding (22, 24, 48) . Thus, the available genetics suggest that binding to elongin-Cul2 complexes contributes to the ability of pVHL to suppress tumor growth in vivo. Conceivably, this property is due, at least in part, to the ability of pVHL, when bound to elongins and Cul2, to suppress hypoxia-inducible mRNAs. How might binding to elongins and Cul2 contribute to the regulation of hypoxia-inducible mRNA stability by pVHL? One clue may come from a careful inspection of the primary sequences of Cul2 and the elongins. Targeted proteolysis of proteins by ubiquitin requires the concerted action of an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and, at least in some cases, an E3 ubiquitin ligase (15, 19) . Cdc53, a putative E3 protein, forms complexes which contain Skp1, Cdc34 (an E2 protein), and an F-box protein (so called because of apparent homology to cyclin F), such as Grr1 or Cdc4 (Fig. 10) . These complexes target proteins such as G 1 cyclins (or Clns) as well as cyclin-dependent kinase inhibitors, such as Sic1, for ubiquitin-mediated proteolysis (15, 19) .
Cul2 appears to be a homolog of Cdc53 ( Fig. 5 ) and is a member of a family of putative E3-like ubiquitin ligases (23, 38) . Likewise, elongin C, as first reported by Bai and coworkers, contains a region that is homologous to Skp1 (Fig. 6) , and elongin A is an F-box protein (2) . Finally, elongin B, although FIG. 9 . Summary of elongin-Cul2 binding and Glut1 inhibition by pVHL mutants. For Glut1 inhibition, ϩ indicates that all clones tested produced Glut1 at levels similar to those in cells producing wild-type (wt) pVHL, Ϫ indicates that all clones tested produced Glut1 at levels similar to those in parental VHL (Ϫ/Ϫ) cells, and ϩ/Ϫ indicates that some clones produced Glut1 at levels similar to those in cells producing wild-type pVHL and that some clones produced Glut1 at levels similar to those in parental VHL (Ϫ/Ϫ) cells. The reason for the variation in Glut1 production among these clones is currently unknown. Shown in Fig. 7 and 8 are data for pVHL(72-213) clones that scored positive. Black boxes indicate minimal elongin B and C binding domains based on in vitro studies (22) . Asterisks indicate sites of missense mutations. The hatched box indicates the site of an NAAIRS substitution mutation. not a recognizable E2 protein, contains a region which, as first reported by Garrett and coworkers (8) , is similar to ubiquitin. The potential significance of these homologies is underscored by the observation that the minimal region of elongin C capable of binding to elongin B (elongin C residues 18 to 50) corresponds to the region of greatest similarity between elongin C and Skp1 (Fig. 6) (2) . Thus, one model, which remains to be tested, is that complexes containing Cul2 and elongins B and C target certain proteins for ubiquitin-dependent proteolysis. A more speculative model, given that elongin B contains a ubiquitin-like domain, is that elongin B itself becomes covalently linked to certain proteins, such as has been observed for the ubiquitinlike protein named either GMP1, SUMO-1, or Sentrin (20, 33) . In either case, pVHL competes with elongin A in vitro for binding to elongins B and C (6) . Furthermore, we have thus far been unable to detect complexes containing elongin A and Cul2 in native cell extracts (data not shown). Therefore, one might hypothesize that the function of elongins B and C, when bound to pVHL and Cul2, is different from their function when they are bound to elongin A (Fig. 10) . As a corollary, these data raise the possibility that the previously described ability of pVHL to inhibit transcriptional elongation by elongin A in vitro is not responsible for its ability to suppress tumor growth in vivo.
What proteins are the likely downstream targets of Cul2? Levy and coworkers identified RNA-binding proteins that interact specifically with the 3Ј untranslated regions of hypoxiainducible mRNAs (29, 30) . Significantly, these proteins appear to stabilize these mRNAs. In VHL (ϩ/ϩ) cells, these proteins are detectable with RNA gel shift assays under hypoxic conditions but not normoxic conditions. In contrast, these proteins are detectable in VHL (Ϫ/Ϫ) cells under both hypoxic and normoxic conditions, perhaps accounting for the failure of VHL (Ϫ/Ϫ) cells to properly degrade the mRNAs under normoxic conditions (29) . Thus, Cul2 may, directly or indirectly, affect the stability or function of these mRNA-binding proteins. There is precedence for complexes containing Cdc53 and Cdc34 playing a role in nutritional or environmental adaptation. For example, under nutritionally replete conditions, Cdc34 is required for the ubiquitin-dependent proteolysis of the transcription factor Gcn4, which is required for amino acid biosynthesis (25) . Under conditions of nutritional starvation, however, Gcn4 becomes stabilized (25) .
A loss of cul1 in Caenorhabditis elegans leads to hyperplasia in certain cell lineages, perhaps due to a failure to exit the cell cycle (23) . To our knowledge, the phenotype of cul2 Ϫ/Ϫ C. elegans has not been reported. Given the apparent role of Cdc53 in the regulation of Cln2 and Sic1, one might speculate that cul2 also plays a role in cell cycle control (15, 19) . pVHL does not grossly affect the cell cycle control of renal carcinoma cells in vitro (11, 18) . Whether it might do so under certain experimental conditions, however, remains to be determined. In any event, control of the cell cycle and responses to environmental stress clearly need not be mutually exclusive activities.
pVHL inhibits both the stability of hypoxia-inducible mRNAs and tumor cell growth in vivo. For the first time, we have now linked the former to a biochemical activity, namely, the ability to form complexes which contain elongin B, elongin C, and Cul2. Clearly, determining the degree to which tumor suppression likewise relies upon this activity is an important question for the future. Similarly, it will be important to determine if Cul2, as suspected, acts as an E3 protein. If so, it will be essential to identify its downstream targets and to ascertain how its behavior is modulated by complex formation with pVHL.
